Abstract Microparticles have potential as neuron-specific delivery platforms and devices with many applications in neuroscience, pharmacology, and biomedicine. To date, most literature suggests that neurons are not phagocytic cells capable of internalizing microparticles larger than 0.5 lm. We report that neurons transport fluorescently labeled silica microspheres with diameters of 1-2 lm into neurons in vitro and in rat brain without having overt effects on cell viability. Using flow cytometry, fluorescence-activated cell sorting, and confocal and electron microscopy, we first found that SH-SY5Y human neuroblastoma cells internalized 1-lm silicon microspheres with surface charges of -70 mV (hydroxyl and carboxyl), -30 mV (amino), and ?40 mV (ammonio). Uptake was rapid, within 2-4 h, and did not affect cell viability 48 h later. Flow cytometry assays indicate that SH-SY5Y cells internalize 1-and 1.5-lm microspheres at the same rate over a 24-h incubation period. Electron microscopy confirms that SH-SY5Y cells internalize 1-, 1.5-, and 2-lm microspheres. Confocal microscopy demonstrated that primary cortical neurons also internalized 1-, 1.5-, and 2-lm amino microspheres within 4 h. Finally, we injected 1-lm amino microspheres into rat striatum and found microspheres inside neurons. Overall, neurons can internalize microspheres up to 2 lm in diameter with a range of surface chemical groups and charges. These findings allow a host of neuroscience and neuroengineering applications including intracellular microdevices within neurons.
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Introduction
Microparticles and nanoparticles composed of polymers, hydrogels, and silicon dioxide have been proposed as cellspecific delivery platforms and devices with many applications in neuroscience, pharmacology, and biomedicine (Benoit et al. 2000; Chirra and Desai 2012; Cleland 1999; Skop et al. 2013; Stukel et al. 2015; Varde and Pack 2004; Wang et al. 2014) . In vitro studies have shown that nanoparticles can be used to deliver drugs in a cell-specific manner to intracellular targets in a variety of cell types, including neurons and neuron-like cells (Yan et al. 2014) . Studies using live animals have used nanoparticles to target neuronal tumor cells, identify known markers of neuronal cancers (Guerrero-Cazares et al. 2014; Kaluzova et al. 2015; Sharpe et al. 2012) , and examine neurological disease and damage associated with HIV infection (Avdoshina et al. 2016 ) and drug addiction (Pilakka-Kanthikeel et al. 2013) . Microparticles in the range of 1-lm size could be used to deliver larger payloads (Taylor et al. 2014) , allow more options for tracking and imaging particles in vivo (Ebert et al. 2007) , and potentially for intracellular biomedical and bioelectronics devices. Bioelectronic medicine is a growing field with in vivo applications on the micron scale (Simon et al. 2016) . In particular, interest has already grown in delivering micron-sized devices into neurons to monitor or manipulate their activity at singlecell resolution (Nakatsuji et al. 2015; Robinson et al. 2012; Vitale et al. 2015) . However, little is known about how neurons may internalize micron-sized particles. Cells, including neurons, use a variety of endocytic mechanisms to internalize extracellular material (Doherty and McMahon 2009; Mukherjee et al. 1997; Sahay et al. 2010) . Cells have classically been characterized as phagocytes if they are able to internalize material larger than 0.5 lm, or non-phagocytes if they cannot (Freeman and Grinstein 2014; Rabinovitch 1995) . Phagocytic cells use a variety of mechanisms that may also be cell-specific (Aderem and Underhill 1999; Caron and Hall 1998; Lew et al. 1985) . Neurons are generally thought to be nonphagocytic and thus unable to internalize particles larger than 0.5 lm (Gordon 2016) . However, two previous studies indicate that neurons are capable of internalizing micron-scale particles (Ateh et al. 2011; Bowen et al. 2007 ).
In the current study, we further examined the ability of neurons to internalize fluorescently labeled micron-sized silica microspheres. Using a variety of techniques, we evaluated uptake of 1-, 1.5-, and 2-lm silica microspheres with different chemical groups and surface charges, including hydroxyl (OH, -70 mV), carboxyl (COOH, -70 mV), amino (NH 2 , -30 mV), and ammonio (NH 3 , ?40 mV) into SH-SY5Y human neuroblastoma cells. We also examined uptake of 1-, 1.5-, and 2-lm microspheres into primary cortical neurons (PCNs) and neurons in the striatum of live rats.
Materials and Methods

Microspheres
All microspheres were obtained from Micromod Partikeltechnologie GmbH; http://www.micromod.de. We used the following microspheres: 1-lm sicastar-redF OH (40-00-103), 1-lm NH 3 sicastar-redF (40-05-103, custom order), 1-lm NH 2 sicastar-redF (40-01-103), 1-lm COOH sicastar-redF (40-02-103), 1.5-lm NH 2 sicastar-redF (40-01-153, custom order), and 2-lm NH 2 sicastar-redF (40-01-203, custom order). Microspheres were synthesized using a silica seed and grown by adding silylated dye, tetraalkoxysilane (TEOS), and aminopropyl-TEOS, resulting in non-porous red fluorescent silica microspheres with maximal excitation at 569 nm and maximal emission at 585 nm, and a polydispersity index of less than 0.2. 1-lm NH 3 sicastar-redF microspheres were synthesized by the same process but with final addition of silyl propyl(octadecyl)dimethyl ammonium chloride to achieve a ?40 mV charge at physiological pH. Particle size distribution and charge were characterized using Malvern Instruments Zetasizer ZS90. Each stock solution of microspheres was provided as 50 mg/ml in water.
SH-SY5Y Cell Culture
Based on procedures previously described in (Henderson et al. 2013) , SH-SY5Y cells were grown in DMEM with 4.5 g/l glucose and 110 mg/ml sodium pyruvate (Gibco), 10% bovine growth serum (Hyclone), 100 units/ml penicillin, and 100 lg/ml streptomycin (Gibco) in a 37°C humidified incubator with 5.5% CO 2 prior to any microsphere treatments.
For Flow Cytometry Experiments
SH-SY5Y cells (passages 17-31) were plated at 5 9 10 5 viable cells per well on untreated flat bottom 6-well plates and grown 24-48 h prior to microsphere treatments. Microspheres were diluted from the stock solution into prewarmed Opti-MEM minimal media (Gibco) and vortexed at high speed for approximately 30 s immediately before adding 2 ml of the diluted microsphere solution to the cells using a complete media exchange. For microsphere concentration experiments, the final dilutions were 0.2, 2, 20, and 200 lg/ml (corresponding to 1.9 9 10 5 , 1.9 9 10 6 , 1.9 9 10 7 , and 1.9 9 10 8 microspheres/ml, respectively). Plates were immediately returned to the incubator at 37°C for 3 h. For time course experiments, the final dilution was 5 lg/ml or 4.75 9 10 6 microspheres/ml. According to final cell counts conducted after microsphere treatment, a concentration of 5 lg/ml corresponded to a ratio of approximately five microspheres per cell. Plates were immediately returned to 37°C for 0-24 h of incubation. Following incubation, non-cell-associated microspheres were removed by aspiration and cells were washed three times with 2 ml of 19 PBS. For 0-h time points, the microsphere solution was added to the cells and washed immediately with 19 PBS. Cells from each well were then trypsinized, harvested, and processed for flow cytometry.
For Experiments with Fluorescence-Activated Cell Sorting (FACS)
SH-SY5Y cells (passages 15-30) were plated at 5 9 10 5 viable cells per well on untreated flat bottom 6-well plates and grown for 48 h prior to microsphere treatments. Microspheres were diluted from the stock solution to 20 lg/ml in pre-warmed Opti-MEM minimal media and vortexed at high speed for approximately 30 s immediately before adding 2 ml of microsphere solution to the cells using a complete media exchange. Plates were immediately returned to 37°C for 3 h prior to processing for FACS.
For Electron Microscopy Experiments
SH-SY5Y cells (passage 23) were plated at 5 9 10 5 viable cells per well on untreated flat bottom 6-well plates and grown for 48 h prior to microsphere treatments. Microspheres were diluted from the stock solution to 20 lg/ml in pre-warmed Opti-MEM minimal media and vortexed at high speed for approximately 30 s immediately before adding 2 ml of microsphere solution to the cells using a complete media exchange. Plates were immediately returned to 37°C for 4 h prior to processing for electron microscopy.
Primary Cortical Neuron (PCN) Culture
Rat primary cortical neurons (PCNs) were harvested and maintained as described previously in (Howard et al. 2008) . Cells were plated at 2 9 10 5 viable cells per well on PEI-coated glass coverslips in untreated flat bottom 24-well plates using Neurobasal media (Invitrogen), 2% heat-inactivated fetal bovine serum (Sigma-Aldrich, Milwaukee, WI), 2% B27 supplement (Invitrogen), 0.5 mM L-glutamine, and 0.025 mM L-glutamate in a 37°C humidified incubator with 5.5% CO 2 . Cells were maintained with feeding media consisting of Neurobasal media, 2% B27 supplement, and 0.5 mM L-glutamine for 14 days prior to microsphere treatment. Microspheres were introduced to cells by 50% media exchange: half of the cell culture media (500 ll) was replaced with 500 ll of 10 lg/ ml microspheres in fresh PCN feeding media for a final microsphere concentration of 5 lg/ml. Plates were immediately returned to 37°C for 4 or 8 h prior to processing for confocal microscopy.
Flow Cytometry
Following incubation with microspheres, SH-SY5Y cells were washed thoroughly with sterile 19 PBS and lifted from the plates using 0.05% trypsin-EDTA. Harvested cells were collected in 15 ml conical tubes (Falcon/Corning) and centrifuged for 5 min at 1000 RPM. Supernatant was removed by aspiration, and the cell pellet was resuspended in 350 ll 19 PBS. In microsphere concentration experiments, cells remained unlabeled. In time course experiments, dead cells were labeled with LIVE/DEAD fixable far-red dead cell stain kit (ThermoFisher Scientific) according to the manufacturer's recommended protocol. For both types of experiments, small portions of samples were labeled with 10 lg/ml of DAPI (4 0 ,6-diamidino-2-phenylindole, dihydrochloride) initially to set the flow cytometer gates. All cell samples were filtered through 40 lm filter tops into flow cytometry sample tubes (Falcon/ Corning). All cells were run unfixed at low flow speed in a BD FACS Canto II flow cytometer, and at least 10,000 cell events were recorded from each sample. FACS Diva software was used to acquire and analyze the results.
Fluorescence-Activated Cell Sorting
Following incubation with microspheres, cells were washed with 19 PBS and lifted from the plates using 0.05% trypsin-EDTA. Briefly, cells were fixed in 4% PFA for 15 min in 1.5 ml Lo-bind Eppendorf tubes using endover-end mixing at 22°C. After washing in 19 PBS, cell nuclei and membranes were labeled simultaneously with 1 ll of 10 mg/ml DAPI and 10 ll of 1 mg/ml wheat germ agglutinin (WGA) conjugated to Alexa Fluor-647 (AF647) in 1 ml of 1X PBS in Lo-bind Eppendorf tubes for 10 min using end-over-end mixing at 22°C. Cells were washed again and placed on ice. The cells were sorted at the Johns Hopkins Bayview Flow Cytometry Core Facility using a BD FACS Aria I Special Order cell sorter. Cells were collected in 19 PBS in Lo-bind 1.5 ml Eppendorf tube. After sorting, cells were mounted onto microscope slides by drop-wise pipetting into Mowiol mounting media and coverslipped for epifluorescent microscopy. Images were captured with a QImaging Rolera em-c 2 camera attached to a Nikon Eclipse E800 microscope and 609 oil immersion objective.
Transmission Electron Microscopy (TEM)
Following incubation with microspheres, cells were washed thoroughly with 19 PBS. Each well of cells was fixed overnight at 4°C in 5 ml of 2.5% EM grade glutaraldehyde and 3 mM MgCl 2 in 0.1 M sodium cacodylate buffer (pH 7.2). Cells in plates were transported to the Johns Hopkins University School of Medicine Institute for Basic Biomedical Sciences Microscope Facility and fixed a second time in the same fixative for 1 h at 22°C. After washing, samples were post-fixed in 1% osmium tetroxide and 0.8% potassium ferrocyanide in 0.1 M sodium cacodylate buffer for 1 h on ice in the dark. After washing the cells with distilled water, the plates were stained with 2% aqueous uranyl acetate for 1 h in the dark, dehydrated in a graded series of ethanol, and embedded in Eponate 12 (Ted Pella) resin. Samples were polymerized at 37°C for 2-3 days before incubation at 60°C overnight. Thin sections (60-90 nm) were cut with a diamond knife on a Reichert-Jung Ultracut E ultramicrotome and picked up with 2 9 1 mm formvar-coated copper slot grids. Grids were stained with 2% uranyl acetate in 50% methanol and 0.4% lead citrate before imaging on a Philips CM120 at 80 kV. Images were captured with an AMT XR80 CCD (8 megapixel) camera.
Confocal Microscopy of PCNs
Following incubation with microspheres, the cells on coverslips were washed with 19 PBS and fixed with 4% PFA for 40 min at 22°C. Cell membranes were labeled with 10 ll of 1 mg/ml WGA conjugated with Alexa Fluor 647 in 1 ml of 19 PBS per well in 24-well plate for 10 min at 22°C. Cell nuclei were subsequently labeled with 1:1000 solution DAPI (10 lg/ml) in 19 PBS for 10 min at 22°C. Cells were then washed and mounted onto microscope slides with Mowiol mounting media. Stacks of confocal images of the cells were acquired using a 609 oil immersion objective and Olympus FV 1000 laser scanning microscope (Olympus Corporation of the Americas, Waltham, MA), 1.59 digital zoom and 0.2 lm z-interval. Acquired images were deconvolved separately with Huygens Essential X11 software and then imported into Image J image analysis software. Microsphere internalization was determined through analysis of fluorescence colocalization in the XY and orthogonal XZ, YZ projections of images stacks. Cells with microspheres (3-5 cells per well) were randomly selected for analysis.
Microsphere Injections into Brain
Nine adult Long Evans rats (Charles River) that weighed 275-500 g at the time of surgery were used for this study. After surgery, rats were housed individually under a reverse 12-h light-dark cycle (lights off at 8:00 AM). Food and water were freely available in the rats' home cages throughout the experiment. All procedures were approved by the NIDA IACUC and followed the guidelines outlined in the Guide for the care and use of laboratory animals (Ed 8;
http://grants.nih.gov/grants/olaw/Guide-for-the-Careand-Use-of-Laboratory-Animals.pdf). Rats were anesthetized with isoflurane followed by intraperitoneal injections of 80 mg/kg ketamine ? 8 mg/kg xylazine dissolved in 0.9% sterile saline to maintain anesthesia. Using a stereotaxic apparatus (Stoelting Company), rats were injected bilaterally with microspheres in sterile 19 PBS at a concentration of 5, 50, and 500 lg/ml (corresponding to 4.75 9 10 6 , 4.75 9 10 7 , and 4.75 9 10 8 microspheres/ml, respectively) into the striatum using stereotaxic coordinates (anteroposterior 0.0 relative to Bregma, mediolateral ± 3.0). One microliter was injected as the needle was moved slowly from -6.8 to -5.8 dorsoventrally. One minute after injection of the first microliter completed, the needle was raised and a second microliter was injected between -4.8 and -3.8, for a total of 2.0 ll microspheres delivered to each striatal hemisphere. Two minutes after completion of the second injection, the needle was slowly removed from the brain. Rats were allowed to recover for 24 h.
Rats were then deeply anesthetized using isoflurane for 90 s and transcardially perfused with 100 ml of 19 phosphate-buffered saline (PBS), followed by 400 ml of 4% paraformaldehyde (PFA) in 0.1 M PBS. Rat brains were then post-fixed for 90 min in paraformaldehyde followed by cryopreservation in 30% sucrose in 19 PBS at 4°C for 2-3 days. Brains were then frozen in powdered dry ice and kept at -80°C until sectioning. Coronal sections (40 lm) were labeled with 1:500 dilution of 640/660 Neurotrace Nissl stain (ThermoFisher Scientific, 640 max excitation, 660 max emission) for 20 min at 22°C using the manufacturer's recommended protocol for labeling brain cryosections and then labeled with 1:2000 dilution of DAPI (5 lg/ml) in 19 PBS for 15 min at 22°C to label nuclei. Tissue sections were washed thoroughly with 19 PBS, mounted on to microscope slides, and coverslipped with Mowiol mounting media. High magnification Z-stacks of confocal images were acquired using a 609 oil immersion objective and Olympus FV 1000 laser scanning microscope (Olympus Corporation of the Americas, Waltham, MA), 1.59 digital zoom and 0.2 lm z-interval. Acquired images were deconvolved separately with Huygens Essential X11 software and then imported into Image J image analysis software. Low magnification Z-stack images to assess field of view for multiple neurons were obtained using 209 air or 609 oil immersion objective without zoom and 0.3 lm z-interval on the same microscope. Maximum intensity projections of z-stacks were constructed using Image J.
Statistics
All experiments using flow cytometry were conducted independently three times. Statistical analyses were performed by two-way ANOVA using Prism (Graphpad Software). Dunnett's test was used for post hoc analyses when prior ANOVAs indicated significant main or interaction effects (p \ 0.05).
Results
We first assessed internalization of red fluorescent silica microspheres functionalized with different chemical groups and surface charges into SH-SY5Y cells, a human neuroblastoma cell line. Plated cells were incubated for 3 h with or without the addition of 1-lm microspheres (Fig. 1a,  b) . Following enzymatic and mechanical dissociation into single cells (Fig. 1c, d ), we used flow cytometry to assess the association between the cells and the red fluorescent microspheres. Cells and microspheres were detected in the PE (phycoerythrin) channel on the flow cytometer. For illustration purposes only, a subset of cells was fixed, the membranes labeled with WGA-Alexa Fluor 647 and the nuclei labeled with DAPI, prior to epifluorescence imaging ( Fig. 1a-d ). All remaining experiments using flow cytometry were performed using unfixed and unlabeled cells. The scatterplot in Fig. 1e indicates forward scatter (particle size) and side scatter (granularity or cell complexity) characteristics of all particles or events (dots in plot) in the sample. Small samples of DAPI-labeled cells were used to properly identify and gate cells for subsequent samples (Fig. 1e ''All Cells'' gate). In Fig. 1f , we show PE fluorescence intensity, indicating the presence of silica microspheres associated with the SH-SY5Y neuroblastoma cells. Cells with PE fluorescence below the relative intensity of 10 3 units ( Fig. 1f ; green dots) did not contain microspheres, while cells with PE fluorescence above 10 3 units (red dots) contain one or more microspheres. The histograms in Fig. 1g , h quantify the number of events at each level of PE fluorescence from the scatterplots. As an example, the histogram in Fig. 1h quantifies events from the scatterplot Fig. 1f . In cell samples incubated with microspheres, we noted discrete peaks with increasing levels of PE fluorescence that may represent cells containing different numbers of microspheres per cell (Fig. 1h) . In cell samples without microspheres, we confirmed that the cluster of events with PE fluorescence below 10 3 units (indicated as 'Cells only') identify cells that are not associated with microspheres (Fig. 1g) .
To confirm that flow cytometry could be used to quantify the number of microspheres per cell, we sorted cells from the individual PE fluorescent peaks 1, 2, 3, 4 into separate collection tubes and assessed the number of microspheres per cell using epifluorescence microscopy ( Fig. 2b) . One hundred cells from each peak were analyzed using epifluorescence microscopy to assess the mean ± SEM number of red fluorescent microspheres associated with each cell; four examples of cells from each peak are shown in Fig. 2b . Peaks 1, 2, 3, and 4 contained 1.02 ± 0.06, 1.73 ± 0.07, 2.92 ± 0.14, and 6.28 ± 0.34 microspheres per cell, respectively. None of the 100 cells examined from the 'Cells only' peak contained red fluorescent microspheres. These data indicate that peaks 1, 2, 3, and 4 in these flow cytometry assays contained cells with approximately 1, 2, 3, and 4? (4 or more) microspheres associated with each cell.
Using only flow cytometry, we cannot completely exclude that the PE fluorescent microspheres in the above experiments are adsorbed to the outside of the SH-SY5Y cells rather than being internalized. To confirm that these microspheres can be internalized in these cells, we incubated the cells with 1-, 1.5-, or 2-lm microspheres (NH 2 chemistry with surface charges of -30 mV, -38 mV, and -22 mV respectively) using the same process as above and examined their cellular location using electron microscopy. It was not possible to manufacture differently sized microspheres made in different lots with exactly the same surface charges. Internalized microspheres could clearly be observed in randomly selected cells (Fig. 3) . Many of these cells, but not all, had 1-, 1.5-, and 2-lm-size microspheres inside them. These microspheres appeared to be in the cytoplasm and not associated with any membranous organelles. Overall, the evidence from epifluorescence and electron microscopy, as well as washing and trypsinization to remove extracellular absorbed microspheres in the flow cytometry samples, indicate that the histogram peaks in the flow cytometry results are due to internalization of microspheres into the cells. We then used the peak information from the flow cytometry assay to evaluate uptake of 1-lm microspheres with different surface chemistries and surface charges, including COOH (-70 mV), OH (-70 mV), NH 2 (-30 mV), and NH 3 (?40 mV) into SH-SY5Y cells. Incubating the cells with increasing concentrations (0.2-200 lg/ml) of each microsphere surface type increased the percentage of cells that contained one or more microspheres (Fig. 4a) . Two-way ANOVA indicates main effects of Surface type (F 3,32 = 35.3, p \ 0.0001) and Concentration (F 3.32 = 540.9, p \ 0.0001), and a significant interaction (F 9,32 = 6.6, p \ 0.0001). Separate post hoc analyses (Dunnett's test) for each microsphere surface type indicate that 2, 20, and 200 lg/ml of all microsphere surface types significantly increased the percentage of cells containing microspheres, relative to values from the 0.2 lg/ml group, with the one exception of 2 lg/ Electron microscopy confirms internalization of 1-, 1.5-, and 2-lm microspheres into SH-SY5Y cells. SH-SY5Y cells were incubated for 4 h with 5 lg/ml of NH 2 -functionalized 1-, 1.5-, or 2-lm microspheres with surface charges of -30 mV, -38 mV, and -22 mV, respectively, and prepared for electron microscopy. Images were captured at 74009 magnification. Images show 1-, 1.5-, and 2-lm microspheres (indicated with white arrows) located inside the cell. Note that microspheres appear to be in the cytoplasm and not in any membranous vesicle. Scale bar indicates 2 lm ml of the NH 2 (-30 mV) surface type. All microsphere surface types were significantly different from each other, with the exception of the OH (-70 mV) and COOH (-70 mV) surface types. The percentage of cells with microspheres increased with incubation time when incubating 5 lg/ml of each microsphere surface type (Fig. 4b) . Two-way ANOVA indicates main effects of microsphere Surface type (F 3,48 = 13.7, p \ 0.0001) and Time (F 5,48 = 105.8, p \ 0.0001), and a significant interaction (F 15,48 = 2.3, p = 0.013). Separate post hoc analyses (Dunnett's test) for each microsphere surface type indicate that the percentage of cells with microspheres was increased at 4, 8, and 24 h, relative to the 0-h time point. The 1-h time point for COOH (-70 mV) microspheres was also increased relative to its 0-h time point. Overall, the OH (-70 mV) and NH 2 (-30 mV) microsphere surface types had similar rates of uptake, but significantly lower than uptake rates for COOH (-70 mV) and NH 3 (?40 mV) surface types. Most of the microsphere uptake had occurred within 8 h and remained stable for up to 24 h. It should be noted that to obtain the 0-h time point, the microspheres were in contact with cells for approximately 5 s and then washed away; thus the values for the 0-h time point includes small numbers of cells non-specifically associated with microspheres during this short time interaction.
We examined whether incubation of cells with microspheres altered cell viability using the LIVE/DEAD Ò Fixable Far-Red Dead Cell Stain kit and flow cytometry. Incubation of cells with microspheres did not significantly affect cell viability (Fig. 4c) . Two-way ANOVA indicates a main effect of Time (F 5,53 = 3.8, p = 0.0054) but not for Microspheres (F 4,53 = 1.4, p = 0.24), and no interaction (F 20,53 = 0.74, p = 0.76). However, post hoc analyses (Dunnett's test) indicate no change in cell viability over time, relative to the 0-h time point.
To understand if the uptake of beads from the cells is a sequential process of one bead at a time or if multiple beads enter the cell at the same time, we separated the microsphere time course data from Fig. 4b into the percentage of cells containing 1, 2, 3, or 4? microspheres per cell for each microsphere surface type (Fig. 5) . (2017) and COOH (-70 mV) microspheres, suggesting that a different mechanism may be responsible for internalizing these microspheres. We then assessed the effect of size by comparing 1-lm microspheres (NH 2 , -30 mV) with 1.5-lm microspheres with (NH 2 , -38 mV). It was not possible to manufacture microspheres of different sizes with closer surface charge values. We assumed that the 8 mV charge difference between these microspheres was negligible. We first examined the effect of microsphere concentration on uptake over the concentration range (0.2-200 lg/ml) (Fig. 6a) . Two-way ANOVA indicates a main effect of Concentration ( 0.2 lg/ml group. Overall, uptake of 1-and 1.5-lm microspheres was not significantly different from each other.
The percentage of cells with the 1-and 1.5-lm-size microspheres increased similarly with incubation time (Fig. 6b) . Two-way ANOVA indicates a main effect of Time (F 5,24 = 56, p \ 0.0001), but not for Size (F 1,24 = 0.01, p = 0.90) or interaction (F 5,24 = 1.3, p = 0.287). Separate post hoc analyses (Dunnett's test) of each microsphere size indicate that 4, 8, and 24 h of incubation times significantly increased the percentage of cells containing microspheres, relative to values from the 0-h time point. Overall, uptake of 1-and 1.5-lm microspheres was not significantly different from each other.
We assessed microsphere uptake into primary cortical neurons (PCNs) obtained from P20 embryonic rat brains to better approximate the neurons in brain tissue (Fig. 7) . Cells were incubated for either 4 or 8 h with 1-, 1.5-, or 2-lm microspheres (NH 2 chemistry with surface charges of -30, -38, and -22 mV respectively). Cell membranes were labeled with WGA conjugated to Alexa Fluor 647, while nuclei were labeled with DAPI. Deconvolution of confocal image z-stacks provided three orthogonal views (XY, XZ, YZ) of the red fluorescent microspheres inside the labeled cells. For all microsphere sizes, the microspheres were found within the cell membranes of all examined cells, which indicated that microspheres were internalized and not merely adsorbed to the outside of the cells.
Lastly, we assessed microsphere uptake into striatal cells of adult rats (Fig. 8) . We injected 1-lm microspheres with NH 2 (-30 mV surface charge) directly into the striatum of live rats and assessed microsphere distribution 24 h later. The majority of microspheres did not diffuse far from the injection site. On average, microspheres diffused a radial distance of 387 lm outside the perimeter of the injection site, while maximal microsphere diffusion was 950 lm from the injection site. When microspheres diffused beyond the injection site, they were associated with sparsely distributed cells containing DAPI-labeled nuclei (Fig. 8a) . PE fluorescent microspheres were associated with both neurons, as identified by Neurotrace membrane labeling (Fig. 8a, green) , and unlabeled non-neuronal cells. Deconvolution of higher magnification confocal image stacks provided three orthogonal views (XY, XZ, YZ) of the red fluorescent microspheres inside the cell membranes of Neurotrace-labeled neurons (example shown in Fig. 8b ).
Discussion
We used a combination of flow cytometry, epifluorescence, confocal, and electron microscopy to demonstrate that neurons in cell culture and in rat brain can internalize particles on the micron scale. Neuron-like SH-SY5Y neuroblastoma cells internalized microspheres with different surface types and charges (-70 to ?40 mV), and sizes (1-and 1.5-lm) at approximately similar rates. Confocal and electron microscopy confirm that 1-, 1.5-, and even 2-lm microspheres were all internalized with no evidence of cell death compared to controls. Further support for internalization of microspheres in the flow cytometry assays is that the washing and trypsinization step to lift the SH-SY5Y cells from the plates should also have removed microspheres that were absorbed to the extracellular surface of these cells. Confocal microscopy indicated that post- mitotic rat primary cortical neurons internalize 1-, 1.5-, and 2-lm microspheres. Confocal microscopy also indicated that at least 1-lm-size microspheres were internalized by neurons and other cell types following intracranial injections of the microspheres directly into striatum of adult rat brains, although distribution of the injected microspheres was not widespread. These data support the possibility of using intracellular micron-sized devices or delivery platforms in neurons for a variety of biotechnological applications. Particle size is one factor that can affect particle internalization into cells (Frohlich et al. 2012; Rejman et al. 2004) . Neurons in particular have historically been classified as non-phagocytic (Rabinovitch 1995) , although there is little evidence to support this classification. Indeed, two previous studies indicate that neurons may internalize micron-scale particles by a phagocytotic mechanism (Ateh et al. 2011; Bowen et al. 2007) . Our data indicate that neurons have the capacity to internalize particles up to 2 lm in diameter, well beyond the assumed endocytic size threshold of 0.5 lm of a non-phagocytic cell type (Rabinovitch 1995) . At least for SH-SY5Y cells, uptake of 1 and 1.5 lm microspheres were equivalent over different concentrations and incubation times. The weight of evidence from the confocal and electron microscopy experiments supports internalization of particles into SH-SY5Y cells. However, it should be noted that separately (1) the quantitative assessment of microspheres associated with cells in the epifluorescence microscopy experiment may include some microspheres adsorbed (and not internalized) to cells while (2) we did not perform a quantitative assessment of the electron microscopy images to determine the exact ratio Fig. 7 Primary cortical neurons internalize 1, 1.5, and 2-lm microspheres. Primary cortical neurons were incubated for 4 or 8 h with 5 lg/ml of 1-, 1.5-, and 2-lm NH 2 -functionalized microspheres (red) with surface charges of -30, -38, and -22 mV, respectively. After incubation, cell membranes were labeled with WGA-AF647 (green) and nuclei labeled with DAPI (blue). Following z-stack analysis of confocal microscope images, orthogonal views of the YZ and XZ planes indicate that the red fluorescent 1-, 1.5-, and 2-lm microspheres were internalized within the cell membrane. White arrows indicate red fluorescent microspheres. The 'Top' label indicates the upper surface of the cells, furthest from the slide surface. Scale bars indicate 10 lm (Color figure online) of microspheres that were internalized versus those that were observed outside the cells. Primary cortical neurons in culture also internalized 1-, 1.5-, and 2-lm microspheres, and neurons in brain internalized 1-lm microspheres, although some of the microsphere-containing cells in our PCN cultures and certainly some of the microsphere-containing cells in the brain were not neurons.
Previous studies have focused on uptake of nano-sized particles into cells, and the effects of surface chemistry and charge on internalization are highly varied. While charge is thought to be a highly influential factor in determining particle internalization, little consensus has been achieved to determine whether positive, negative, or neutral charge facilitates or hinders particle internalization (Ayala et al. 2013; Bahmani et al. 2011; Harush-Frenkel et al. 2007; He et al. 2010; Kim et al. 2014; Wilhelm et al. 2003) . Part of the difficulty in reaching consensus is the lack of consistency among testing conditions for various studies: chemistry of bead production, cell culture conditions, and in vivo techniques are highly variable and can yield vastly different results for any given particle and cell type. In the rat brain, we found microspheres in both Neurotrace-labeled neurons and Neurotrace-negative non-neuronal cells. We had not directly assessed the cell types of the nonneuronal cells in our striatal sections. However, based on previous literature, the striatum contains approximately equal numbers of neurons and non-neuronal cells (Gokce et al. 2016; Guez-Barber et al. 2012; Rubio et al. 2016 ). These non-neuronal cells comprise microglia, macrophages astrocytes, oligodendrocytes, ependymal cells, vascular cells, and stem cells. The microglia are well-documented phagocytic cells in the brain (Sole-Domenech et al. 2016) that may have internalized some of the microspheres in our rat brain experiment. We had not identified the different cell types in our PCN cultures. However, we had assessed the cell types in PCN cultures harvested and maintained in the same manner as in the current study (unpublished data from author Brandon Harvey) and found that the majority of cells are neurons (*80% NeuN-positive cells), while the minority of cells are non-neuronal: *10-15% GFAPlabeled astrocytes, *5-10% nestin-labeled neural progenitor cells, \0.5% Iba1-or cd11b-labeled microglia, and \0.5% MBP-labeled oligodendrocytes.
Previous studies have also shown that different cell types respond differently to variably charged and functionalized particles (Gaiser et al. 2012; Georgieva et al. 2011; He et al. 2010) . Our data suggest that neuronal cells can internalize a range of micron-sized particles over a range of surface charges and chemistry. Microsphere internalization varied with functional group and charge that also depended on incubation time and concentration. When microsphere concentration was increased, positively charged microspheres associated more readily with neuronal cells compared to negatively charged microspheres. However, over the 24-h incubation period, positively charged ammonio-functionalized microspheres at ?40 mV demonstrated a comparable rate of association with cells as -70 mV carboxyl-functionalized microspheres at a set concentration. These data highlight the importance of establishing controlled culture conditions when comparing microspheres of different charges and chemical groups. Very little evidence exists for how neurons internalize microparticles larger than 0.5 lm. Other cell types known to possess phagocytic properties, such as macrophages, use complex, and diverse pathways even within the same cell types (Aderem 2003) . Receptor binding and signal transduction can provide specificity for the mode of internalization and ultimate intracellular fate of extracellular material (Groves et al. 2008; Tollis et al. 2010 ), but overall the literature investigating these pathways is relatively limited (Freeman and Grinstein 2014) . The mechanisms for phagocytosis in neurons, in particular, have not been investigated. Bowen et al. (2007) suggested that neurons may have limited immunological capacity that allows them to internalize micron-sized particles via pathways similar to that of phagocytes. The results from our confocal and electron microscopy suggest that neuronal cells may respond to micron-sized material in the environment and engulf material into the cytoplasm. However, electron microscopy indicated that the microspheres appeared cytosolic and did not localize within lysosomes or any other identifiable cell structure, as one would presume for entry via traditional phagocytic mechanisms. It is also possible that microspheres of the same size but different charge and functional group may be gaining entry to cells in different ways. Furthermore, the pathways of entry for micro-scale particles may be distinct from those used by nano-scale particles, and the mechanisms responsible for allowing microspheres to enter neuronal cells may be distinct from other cell types. Future studies will be necessary to elucidate the precise mechanisms of uptake in neurons.
Overall our data confirm and extend previous observations (Ateh et al. 2011; Bowen et al. 2007 ) that neurons in culture and in adult rodent brain can internalize particles in the micron range, and that their internalization can be affected by surface chemistry and charge. The mechanism of internalization is unknown but could be due to a receptor signaling pathway for non-specific material engulfment. The use of microparticles in brain has some obvious problems to solve in future studies. Following intracranial injections directly into brain, we observed poor distribution of 1-lm particles from the injection site. However, once neurons encountered microparticles, our results indicate that these neurons were able to internalize the microparticles. Given the range of charged and functionalized microspheres that we have shown to enter neurons, it appears likely that one can modify these microparticles to enhance their distribution in brain without altering neuronal uptake, and permit future neuroengineering and biomedical applications. Future studies are also necessary to identify the different types of non-neuronal cells in brain and in cell culture that internalized microspheres.
